Fine-scale diversity of natural bacterial assemblages has been attributed to neutral radiation because correspondence between bacterial phylogenetic signals in the natural environment and environmental parameters had not been detected. Evidence that such correspondence occurs is provided for Vibrio cholerae, establishing a critical role for environmental parameters in bacterial diversity.
A notable discovery arising from recent investigations of the microbial world is the immense phylogenetic diversity of natural bacterial populations that determines the fine architecture of "microdiversity clusters" (1) . Bacterial populations in coastal waters form clusters of diverse clonal entities that radiate from a limited number of major phylogenetic branches (17) . This finding prompts questions of how such a population structure can arise. Previous studies have suggested that the mechanism of the microdiversity structure is an accumulation of neutral genetic variation, after periodic selective sweeps acting against the nonfittest clonal entities (1, 2, 17) , mainly because no discernible correspondence could be observed between DNA sequence polymorphism of bacterial housekeeping genes and environmental variation (17) . Considering a neutral diversity mechanism alone, however, seemingly contradicts other facts of bacterial microevolution that have been gleaned from studies undertaken in different fields of microbiology. Simulated microevolution experiments demonstrated that a defined population of a given bacterial strain can develop into two or more variants occupying different ecological niches (6) . Convincing evidence for niche-specific selection in the determination of a global community structure of Prochlorococcus, an autotrophic bacterium, has been provided by Follows et al. (3) . Therefore, the question of whether natural selection within diverse ecological niches leads to the formation of seemingly neutral microdiversity remains an intriguing question with respect to the population structure of heterotrophic bacteria in nature. In the present study, extracellular (or ectocellular), phenotypic or genotypic traits of Vibrio cholerae, an indigenous inhabitant of estuaries (10) , were analyzed with respect to spatial and temporal correspondence of variability in bacterial population diversity to variation in selected environmental parameters.
A set of 221 V. cholerae strains examined in the present study were isolated from the upper Chesapeake Bay from 1998 to 2000 and collected in a census-style survey carried out in our laboratory (10) . In brief, V. cholerae was isolated at five shore sampling stations (sites from North to South: F, Susquehanna river flat; B, Baltimore Inner Harbor; K, Kent Island; S, estuarine shore on the Rhode River subestuary; and H, Horn Point) biweekly during the summer and monthly in other seasons of the year. Using membrane filters and nylon nets, suspended particulates in the surface water (0-to 1-m depth) were collected and split into three size fractions: Ͼ0.2 m, 20 to 64 m, and Ͼ64 m. Each of the particulate samples was used as an inoculum in enrichment cultures from which V. cholerae colonies were isolated.
The Sakazaki O serotype (13) of each isolate was determined by using a pool of 210 standard polyclonal antibodies, together with other characteristics listed in Fig. 1 . Isolates were also tested for presence or absence of toxin genes and outer membrane protein genes by using a dot blot hybridization method (see Table S1 in the supplemental material for further information). Alleles of genes in each of the isolates were determined by assigning isolates to an allele class according to hybridization signal intensity. The classes were determined by coding the signal intensity semiquantitatively on a scale of 0 to 4, in steps as follows: 0 to 25%, 25 to 50%, 50 to 75%, and 75 to 100% signal intensity compared to the positive control. The results of phenotypic and genotypic tests were coded as binary or five-state characters, e.g., absence (e.g., ⌬hlyA) and four allele classes (e.g., hlyA ϩ , hlyA 2ϩ , hlyA 3ϩ , or hlyA 4ϩ ). Isolates sharing an identical set of characters were concluded to belong to the same operational taxonomic units (OTUs) and were treated as identical clones.
The cholera toxin-related genes (ctxA, tcpA, and zot) were absent in all environmental isolates of V. cholerae. Phenotypic traits invariable among isolates included the following: growth in nutrient broth containing 0, 1, 3, and 8% NaCl; acid pro-duction from sucrose and arabinose; the production of enzymes such as arginine dihydrolase, oxidase, and gelatinase; the hydrolysis of esculin; and sensitivity to 10 and 150 mg of vibriostatic agent O/129. The power of the 18 variable phenotypic, genotypic, and serological traits to differentiate V. cholerae strains was estimated by clonal redundancy, calculated as the ratio of the total number of strains to the number of OTUs. From the 221 strains, 150 OTUs could be defined. Therefore, FIG. 1. Hierarchal clusters of OTUs based on complete linkage analysis of characteristics (left) and maximum-likelihood tree of 16S rRNA sequences (right) of randomly selected strains. The OTU label is presented as follows: arbitrary identification no.-genotypic traits-phenotypic traits-O serogroup. The genotypic traits include transmembrane regulatory gene (toxR), hemolysin subunit A (hlyA), heat-stable enterotoxin gene (stn), and two outer membrane protein genes (ompU and ompW), and the phenotypic traits include growth in nutrient broth containing 6% NaCl (NaCl6); acid production from mannose (Mns) and mannitol (Mnt); production of enzymes, including ornithine decarboxylase (Orn), lysine decarboxylase (Lys), amylase (Amy), lipase (Lp), and chitinase (Ch); response to the methyl red test (MR); Voges-Proskauer tests (VP); response to 50 U of polymyxin B (PB); and growth at 42°C (G42oC). Symbols: F, three identical sequences; E, five divergent sequences. Scale bars: left bar, number of differences; right bar, substitutions per base pair. The abbreviations defined here are used in Fig. 2 . 
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Prevalence of V. cholerae characteristics, shown as star charts. Inset (spines radiating from a common origin): the solid line spine represents scale bars for 100% prevalence of a characteristic. The angle of a star chart apex represents the characteristic indicated by the accompanying label; labels give abbreviations for phenotypic and genotypic characteristics used in Fig. 1 or O-serogroup names. For the star charts, the origin indicates the site and time of sampling; the apex indicates the prevalence of a characteristic, ranging from zero to 100%; the thin, solid lines show the lines connecting apexes (prevalence values) for selected phenotypic characteristics (NaCl6, Mns, Mnt, Orn, Lys, MR, VP, Amy, Lp, Ch, PB, and G42oC [see the legend to Fig. 1 (17) . The distance between OTU pairs was calculated as the number of different phenotypic characteristics, or gene loci, and hierarchal cluster analysis was performed by using the complete linkage method (Fig. 1) . The higher-order branches were fixed predominantly with specific allele classes of genotypic traits, e.g., toxR, ompU, and ompW. Other genotypic traits, namely, stn and hlyA, and phenotypic traits, including serotype, were variable in the lower-order clusters. Polymorphism of the 16S rRNA genes (Fig. 1) , only a few bases when determined from the evenly scattered selection of seven strain sequences (18) , showed congruence with phenotypic divergence and was compatible with the criterion for a microdiversity cluster (i.e., Ͼ99% similarity in any pair of sequences).
The composition of the V. cholerae population (Fig. S1 in the supplemental material) and its characteristics varied by geographic location and time of sampling (Fig. 2) . To determine how much variation in the clonal diversity of V. cholerae populations can be attributed to differences in geographic location and time of sampling, redundancy analysis (RDA) (11) or canonical correspondence analysis (CCA) (15) , implemented in CANOCO for Windows version 4.5 (16), was performed on either the incidence of OTUs or the prevalence of characteristics, the latter being defined as the ratio of the number of OTUs with the given characteristic to the number of OTUs in the V. cholerae population isolated from a specific enrichment flask. The difference in sampling station and sampling date was used as the factor in the two-way factorial analysis of variance (ANOVA), considering each set of three enrichment flasks as replicates for a given sample, since the effect of the difference in inocula was determined to be insignificant (see Table S2 in the supplemental material). Since decomposition of the total temporal variance by different scales of time can account for the temporal dimension in the succession of V. cholerae populations, a nested ANOVA design was used for further variance decomposition analyses (Table 1) . Among the time scales, season (3-month periods) was the significant factor in the variation in prevalence of a characteristic (16% of the total variance), whereas only variation by month was significant for the occurrence of an OTU (17% of the total variance). This result strongly indicated that turnover in a component of the population was significant at monthly intervals, whereas turnover in a characteristic was slower, i.e., at 3-month intervals. In other words, the succession of bacterial taxa showing microdiversity occurred monthly, while a proportion of the characteristics, e.g., "core" characteristics, are commonly carried by the population for an entire season.
Water temperature, salinity, pH, chlorophyll a concentration, and total bacterial number for the 31 water samples that yielded at least one V. cholerae isolate in the survey (10) were normalized by transformations and analyzed for correlation with variation in characteristics of V. cholerae, using the multiple regression methods of RDA. Most of the variance (6.9% of the total variance of the characteristics; P Ͻ 0.01) was explained by pH. The main effect of the other variables was not significant. The predominance of pH over the four other parameters was due to colinearity in the seasonal variation of the parameters (10) . When the residuals of the prevalence of characteristics, after accounting for pH, were considered using a reduced RDA model with pH as a covariate, ca. 6.0% of the residual, i.e., 5.6% of the total variance, could be accounted for by salinity (P Ͻ 0.046). To identify characteristics that correlated significantly with pH and salinity, a correlation analysis was done for each bacterial characteristic. The heat-stable enterotoxin (stn) gene was found to be significantly correlated with salinity, as was the presence of V. cholerae serogroup O39. In the case of pH, a reverse proportional relationship with mannose and O40 serogroup was observed (Fig. 3 ).
An ecological association of V. cholerae with zooplankton was established in earlier studies (14) . Zooplankton composi- a In RDA, the prevalence of bacterial traits in 64 enrichment flasks was used as the response variables. In CCA, the presence of OTUs in each enrichment flask was used as the response variables.
b A two-way nested ANOVA model was determined: site ϫ (year Ͼ season Ͼ month Ͼ biweek), where "A Ͼ B" indicates an "upper component Ͼ lower component" relationship in the hierarchy of the time scale.
c For each variance component, the variance was estimated from residuals, after removal of the variance accounted for by the designated covariables. For the site, the temporal variance was removed by setting the finest times scale (biweek) as the covariable. For the times scales, the spatial variance was always removed, along with the variance of the upper component. Var, variance accounted for only by the variance component in the first column, estimated as eigenvalues.
d NA, not applicable. The significance of variance estimate (P) was tested by permutation test. Blocks, whole plots, and subplots for time scale variables were selected in parallel to the example of spatial hierarchy in section 9.2, "Hierarchical Analysis of Community Variation and Case Study 6," in the study by Leps and Smilauer (9) . Whole plots were permuted within a block without permuting subplots. This permutation disrupts the ordering of time points only at the time scale of interest (P. Smilauer, personal communication), resulting in P values under the null hypothesis of randomness in time of occurrence of a data point. The time scale of "biweek" corresponds to an ϳ2-week difference in summer samplings since spring or fall sampling was done only at monthly intervals. tion data were available in units of relative abundance for 15 taxa (10), ranging from phylum to suborder (see Fig. S2A in the supplemental material). Zooplankton taxonomic composition was converted to prevalence in a sample by dividing by the total number of zooplankton in a sample. Prevalence values were transformed by square root to calculate the Hellinger distance during the ordination analyses (8) . The a priori hypothesis that crustacean zooplankton (notably copepods) provide a microhabitat for specific V. cholerae clones had been established, based on the observation of preferential attachment of V. cholerae O1 to crustacean exuviae (4, 5, 14) . The copepod community in the Chesapeake Bay ecosystem is recognized as one of the most significant trophic components, based on predominance of two species of calanoid copepods (Acartia tonsa and Eurytemora affinis) in the mesozooplankton communities, both of which demonstrate a strong seasonal and spatial variation (7, 12) . Crustaceans were the dominant component of the mesozooplankton community and copepod nauplii were dominant and present in all samples (see Fig. S2A in the supplemental material). The dynamics could be were summarized by two principal axes in the principal component analysis, which classified four groups of taxa (see Fig. S2B in the  supplemental material) . To test the a priori hypothesis of a biological association of crustaceans and bacterial characteristics, explanation of the variability observed among V. cholerae characteristics by dynamics of 10 crustacean taxa was examined. Indeed, the variation observed with respect to the prevalence of members of the crustacean community accounted for nearly half (49.3%) of the total variance of the bacterial characteristics (P ϭ 0.036). Forward selection was performed on the prevalence of crustacean taxa to determine the simplest, most effective model for visualizing the mechanism that resulted in this correlation, and cyclopoids and cladocerans were found to be the crustacean taxa significantly accounting for the observed variation in selected bacterial characteristics, either independently (10% variance with P ϭ 0.030 and 7% variance with P ϭ 0.002 for cyclopoids and cladocerans, respectively) or as a linear additive model (11% variance with P ϭ 0.040). None of the other crustacean taxa provided significant accountability for variation in the bacterial characteristics (P Ͼ 0.05), including the most abundant copepod nauplii (P ϭ 0.068). Variance in the bacterial characteristic-crustacean taxon correlation is interpreted as the response of the bacterial population to a shift in crustacean community structure, characterized as a shift from calanoid dominance to cyclopoids or cladocerans (see Fig. S2C in the supplemental material). According to the results of the correlation analysis (Fig. 3) , the shift to cyclopoids was correlated with ompU 3ϩ , whereas the shift to cladocerans was correlated with hlyA 3ϩ . In the present study, we examined diversity in a population of V. cholerae, with a focus on phenotype and genotype, namely, genes coding for extracellular products involved in interactions with the external physicochemical environment. A significant correspondence was found between phenotypic, genotypic, and serological traits of V. cholerae and its environment. Variation in bacterial population structure, namely, seasonal succession or spatial differentiation associated with given bacterial populations, demonstrates a spatiotemporal correspondence with environmental conditions. In the case of the zooplankton community, correspondence occurred at a taxon scale, at which the microdiverse population structure of V. cholerae is generated by selective pressure arising from its habitat.
The 16S rRNA sequences determined in the present study were deposited in GenBank under accession no. EF684899 to EF684905. FIG. 3 . Distribution of prevalence of selected bacterial traits compared to pH, salinity (middle and bottom rows), and prevalence of zooplankton groups (top row). Labels: r, Pearson correlation coefficient; ‫,ء‬ significance (P) of r determined from randomization test of Ͻ0.05. The randomization test used the permutation method of toroidal shift, keeping the temporal order of sampling and treating site as permutation block. ‫,ءء‬ significance of r is Ͻ0.01.
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